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Introduction
Second stage knowledge translation-the process by which clinical trial findings move into accepted clinical practice-has often been slow and incomplete. Indeed, the Institute of Medicine reported an average of 17 years interval between reports of randomized controlled trials and broad incorporation into practice [1] . Very little is known about knowledge translation in the pre-hospital setting, where a historical dearth of robust clinical trials and the multiple levels of medical providers may be barriers to change in practice [2] .
The 2012 publication of the results of the Rapid Anticonvulsant Medication Prior to Arrival Trial (RAMPART) [3] provides a unique opportunity to examine the effect of a high-impact factor journal on second stage knowledge translation in the pre-hospital environment. RAM-PART was a large multicenter randomized clinical trial of pre-hospital treatment of patients with convulsive status epilepticus. The trial demonstrated that intramuscular midazolam, which was increasingly being used based on theoretical advantages, was superior to intravenous lorazepam at terminating convulsions prior to emergency department arrival without the need for rescue medication.
We therefore determined the changes in the first-line use of midazolam for pre-hospital benzodiazepine-treated seizures before and after publication of RAMPART. Additionally, we evaluated the generalizability of the RAMPART findings by evaluating the effectiveness of prehospital midazolam for the termination of prolonged seizures in routine clinical practice on a national level.
Methods

Overview and setting
This is a phase IV, retrospective, observational cohort study of the impact of the publication of the RAMPART results on the pre-hospital use of midazolam for benzodiazepine-treated seizures. Since the duration between 911 call and EMS arrival is almost universally greater than five minutes in the United States, we used the presence of benzodiazepine treatment for seizures as a proxy for status epilepticus. The RAMPART trial began in June 2009, concluded in January 2011, and the results were published in the New England Journal of Medicine in February 2012. The University of Michigan Institutional Review Board determined this project, which used de-identified data, was not regulated human subjects research.
Data source
The National Emergency Medical Services Information System (NEMSIS) is a national repository of standardized patient care reports from EMS activations from up to 48 U.S. States and territories depending on year. [4] Data represent a convenience sample collected by EMS agencies, submitted to state repositories, and consolidated into the NEMSIS registry after a validation and data cleaning process [4] .
Using the NEMSIS dataset, we identified all patient care events involving adult and pediatric patients who were treated with benzodiazepines for seizures and presumed convulsive status epilepticus in the pre-hospital setting, from January 1, 2010, through December 31, 2014.
Since the NEMSIS database does not include a diagnostic code to differentiate status epilepticus from other seizures, and duration between 911 call and EMS arrival is almost universally greater than five minutes in the United States, presumed status epilepticus was operationalized as the presence of a seizure and the administration of a benzodiazepine. In an attempt to minimize the over-inclusion of benzodiazepine-treated seizures that would not qualify as status epilepticus we utilized two sampling strategies for benzodiazepine-treated seizures and based the analysis on the narrower strategy. First, using the following Field Codes, events were sampled where seizure was coded in either the chief complaint as reported by dispatch (455), the CMS condition code (8017), or the EMS provider's primary (1710) or secondary impression (1845). Second, sampling was narrowed to the primary or secondary impression. After limiting the samples to those treated with benzodiazepines, the total eligible population was similar for the two seizure sampling strategies, so the latter, narrow strategy was chosen for a more precise operational definition of presumed status epilepticus.
Measures
The primary outcome measure is midazolam use as first-line treatment, as a proportion of all benzodiazepine-treated seizures, evaluated monthly. First-line medication was defined as the first medication listed in the "medications given" variable for a patient care event. While RAM-PART demonstrated the efficacy specifically of intramuscular midazolam, medication route is not available in the NEMSIS database. Venous access procedures could not be used as a proxy for intravenous (IV) administration of medications, as they were equally as common for those treated with midazolam as for those treated with other, IV-administrable, benzodiazepines (67.0% and 68.8%, respectively).
The main predictor is an indicator variable for events occurring after RAMPART publication in February 2012. Age, reported in units of hours, days, months, and years, was converted to years and analyzed continuously and categorically according to the age categories used in RAMPART. Gender was evenly distributed at baseline (50.8% male, 49.2% female).
Patient race (black, white, other) and ethnicity (Hispanic, not Hispanic) were included to look for disparities in rates of knowledge translation. Geographic distribution of events was defined by US Census Regions (Northeast, Midwest, South, West), and levels of urbanicity (urban, suburban, rural, wilderness). Characteristics of the EMS encounter, including service level (basic life support (BLS), advanced life support (ALS), air, other), primary role of the unit (transport, other), and type of service requested (911 response, inter-facility transfer, other) were included given our a priori belief of an association with midazolam use. Average annual call volume for represented years was calculated and used as a proxy for EMS agency size.
Secondary outcome measures include airway intervention and rescue therapy, as proxies for safety and efficacy of seizure termination, respectively. Airway intervention was defined as any invasive procedure to secure the tracheal airway, including any of the following procedure codes: 31.420 (direct laryngoscopy), 96.042 (rapid sequence intubation), 96.051 (combitube blind insertion airway device), 96.030 (esophageal obturator airway/esophageal gastric tube airway), 96.053 (King LT blind insertion airway device), 96.052 (laryngeal mask blind insertion airway device), 96.041 (nasotracheal intubation), 96.040 (orotracheal intubation), and 31.120 (surgical cricothyrotomy). Rescue therapy, or the administration of a second drug or dose to terminate a seizure, was defined by the presence of a second benzodiazepine listed under "medications given."
Explanatory variables for secondary analysis are identical to the primary analysis with the addition of a binary variable for the use of midazolam versus other benzodiazepines, and its interaction with time.
Statistical analysis-predefined
Midazolam use as a proportion of all benzodiazepines was plotted graphically by month, and by levels of each categorical predictor, covering two phases: 1) pre-RAMPART publication phase (January 2010 through January 2012), and 2) post-RAMPART publication phase (February 2012 through December 2014). Rates of midazolam adoption during the two phases were compared using a piecewise linear regression model (spline).
A series of nested random-effects hierarchical logistic regression models, using Laplace approximation, were fit with a primary outcome variable of midazolam use versus all other benzodiazepines. A random intercept for EMS agency was applied to adjust for and measure within-agency correlation. Intra-class correlation (ICC) was calculated using the method of Snijders and Bosker (Equation below) [5] . The numerator is the level 2 (EMS agency) variance and the denominator is the level 2 variance plus the standard logistic distribution variance (level 1).
Model 0 is the intercept-only model, which assesses the proportion of midazolam used by the average EMS agency during the study period. Model 1 assesses the unadjusted impact of RAMPART publication. Model 2 assesses the impact of RAMPART publication, adjusting for secular trends. Model 3 further adjusts for patient demographics. Model 4, the fully adjusted model, further adjusts for characteristics of the EMS call.
Three variables (race, ethnicity, and service level) were omitted from the logistic regression models due to high percentages of missing data, which would significantly limit the number of observations in the more fully adjusted models. All other variables had less than 1.5% missing data and were included in the models. In order to reduce any bias caused by diminishing numbers of events in later models that incorporate variables with missing data, all nested models were limited to events with non-missing data for all variables in the final model. Sensitivity analyses were carried out with the inclusion of each of the 3 highly missing variables included in the fully adjusted model. The census region Island Areas was omitted from regression analysis due to low representation.
Secondary analyses compared rates of airway interventions and rescue therapy before and after RAMPART publication and between those treated with midazolam and other benzodiazepines. Because midazolam dose and route may have also changed over time or in response to the trial, we also modeled the interaction with time for each agent in a series of nested hierarchical logistic regression models for the prediction of secondary outcomes. Model 0 is the intercept-only model, which assesses the frequency of rescue therapy and airway interventions by the average EMS agency during the study period. Model 1 assesses the unadjusted impact of midazolam use. Model 2 assesses the unadjusted interaction of midazolam use and time. Model 3 assesses the interaction of midazolam use and time, adjusted for demographics. Model 4, the fully adjusted models, further adjust for characteristics of the EMS call.
We conducted data manipulation and analysis with SAS (v. 9.4, SAS Institute, Cary, NC).
Statistical analysis-post hoc
After observing that the rate of midazolam use appeared to increase more rapidly at the end of 2011, prior to the publication of RAMPART, we conducted two post-hoc analyses of potential confounders on the rate of change in midazolam adoption. A spline model of midazolam use among EMS agencies that contributed data to NEMSIS in all 5 study years was used to reduce artifact that could reflect the onboarding of new states and EMS agencies into the dataset at the beginning of each year. Additionally, we examined the effect of the national diazepam shortages on benzodiazepine use patterns with a series of spline models with indicator variables for the months in which national diazepam shortages began, were publically announced, and subsequently resolved. Effects of lorazepam shortages were not investigated as the diversity of manufacturers was felt to likely preclude any perceptible impact. After fitting the hierarchical logistic models of the primary outcome and seeing the high ICC, we fit a multinomial logistic regression model of midazolam use levels per EMS agencyyear (none, some, most, all) in order to determine the effect of agency-level characteristics on the overall odds of midazolam use. We chose multinomial logistic regression despite the ordered nature of the data as we could not dependably assume equal odds associations between midazolam use levels. In addition, the high proportion of agencies using no midazolam or all midazolam made Poisson and linear regression distributionally inappropriate. Predictors included the proportion of each agency's patient population that is in a particular age bracket (<5 years old, 6-20 years old, !60 years old), or is female, black, or Hispanic. Additional predictors included agency size (annual call volume, size quintile), catchment area (number of counties in which agency operates), urbanicity (defined by > 95% of encounters occurring in a single urbanicity level, otherwise mixed), highest service level (specialty care only, BLS, ALS, Air), transport capability, and provision of 911 scene response. The model was limited to agency-years for which each of the above variables was non-missing. There were no problems with multicollinearity, with a variance inflation factor threshold of 5.
Results
Among the 93.7 million patient care events (representing 10,830 EMS agencies) in the NEMSIS database from 2010-2014 (Fig 1) , 1.9 million were characterized as a seizure by the provider's primary or secondary impression. Of those, 156,539 (from 3,504 EMS agencies) were treated with a known benzodiazepine. All multivariable regression models analyzed the 152,662 cases without any missing data for explanatory variables that were included in the final model.
The mean patient age was 39.4 ± 21.8 years (median 39, interquartile range 24-55 years). Additional event characteristics for each year of the study are listed in Table 1 , by categorical predictors. Age is reported by categories due to lack of a linear trend. Census region, urbanicity, service level, primary role of unit, and service type all appear to be linearly associated with time. Table 2 lists the number of benzodiazepine-treated seizures that were treated with midazolam in each year of the study, by categorical predictors. Census region, urbanicity, service level, primary role of unit, and service type also appear to be associated with the use of midazolam and are potential confounders.
Midazolam use
Midazolam use for pre-hospital benzodiazepine-treated seizures increased from 26.1% (326 of 1249) to 61.7% (2412 of 3909) of cases, between January 2010 and December 2014 (difference +35.6%; 95% CI, 32.7%-38.4%). This corresponds to a 7.7% increase per year (95% CI, 7.3%-8.1% per year). Midazolam use generally increased over time for all categorical predictors ( Fig  2) . Spline regression demonstrated a significant increase in the rate of midazolam adoption, from a pre-RAMPART rate of 5.9% per year to a post-RAMPART rate of 8.9% per year (difference +3.0% per year; 95%CI, 1.6%-4.5% per year; Fig 3) . Post-hoc regression analyses that limited data to the 1761 (50%) EMS agencies that contributed data to NEMSIS in all 5 study years (Fig 4) and that accounted for the effects of the diazepam shortage (Fig 5) also demonstrated a significant increase in the rate of midazolam adoption after the publication of RAMPART, and may explain the apparent increase in midazolam adoption prior to RAMPART publication.
In the hierarchical logistic regression models, after adjusting for secular trends as well as demographic characteristics (age, gender, region, urbanicity), EMS encounter characteristics (primary role of EMS unit, service type), and agency size (model 4), the odds of receiving midazolam were 24% higher after RAMPART publication (odds ratio [OR] 1.24; 95% CI, 1.17-1.32; Table 3 ). ICC was high in all models, with 74-76% of variance in midazolam use attributable to the responding EMS agency.
In the fully adjusted model, there was no significant impact of gender on the odds of receiving midazolam. Patients aged 21-60, and those being treated in the Northeast and West, as well as in urban areas, had the highest odds of receiving midazolam. EMS encounter characteristics associated with increased odds of receiving midazolam included treatment by an EMS unit providing 911-scene response or by a unit in a non-transport role. Agency size had no effect on the odds of receiving midazolam. Race, ethnicity, and service level were frequently missing (often by agency and by state) and were not included in the multivariable models. Inclusion of eligible patient care events for primary analysis. *Race, ethnicity, and service level all had high levels of missingness and were therefore excluded from the regression models in order to maximize the number of events analyzed. Race was missing for 27,770 events, ethnicity for 43,164 events, and service level for 66,683 events.
https://doi.org/10.1371/journal.pone.0173539.g001
The effect of RAMPART on pre-hospital midazolam use The results of the post hoc multinomial logistic regression can be seen in Table 4 , which represents 7,524 (72%) out of 10,413 agency-years, from agencies that submitted any data to all the explanatory variables.
Secondary outcomes
Overall, independent of agent, frequency of rescue therapy and airway interventions changed little before and after publication of RAMPART. Rescue therapy was used 0.5% (95%CI, 0.05-1.0%) more often after publication (10,741 of 42,711, 25.2% pre versus 29,236 of 13,828, 25.7% post), and airway interventions were used 0.3% (95%CI, 0.2-0.5%) less often after publication (944 of 42,711, 2.2% pre versus 2134 of 113,828, 1.9% post).
Those initially treated with midazolam were both more prevalent in post publication period and had a 3.3% (95%CI, 2.8-3.7%) lower rate of use of rescue therapy than those treated with other benzodiazepines (16,632 of 70,045, 23.7% with midazolam versus 23,345 of 86,494, 27.0% with other benzodiazepines). They also had a 1.0% (95%CI, 0.9-1.2%) higher rate of airway interventions (1,767 of 70,045, 2.5% versus 1,311 of 86,494, 1.5%).
Furthermore, rates of rescue therapy and airway interventions for those treated with midazolam have decreased over time, while the rates associated with treatment with other benzodiazepines have increased or remained constant, respectively (Fig 6) . In the fully adjusted hierarchical logistic regression models of secondary outcomes there was a significant interaction between midazolam use and time for the prediction of the odds of airway interventions (p = 0.001; Table 5 ) and rescue therapy (p<0.001; Table 6 ), with midazolam becoming increasingly safe and effective compared to other benzodiazepines. The paradoxical overall increase in rescue therapy despite midazolam being more effective than other benzodiazepines, and more effective and more prevalent in the post-publication period is likely driven by the increase in rescue therapy over time for other benzodiazepines, as demonstrated by this interaction.
Discussion
In this retrospective, observational, cohort study, we found that midazolam utilization for prehospital benzodiazepine-treated seizures increased substantially from 2010-2014, and the rate of adoption increased significantly after the publication of RAMPART. These data are The effect of RAMPART on pre-hospital midazolam use pre-existing trend that is entirely agnostic to the trial. If so, this trend may or may not have continued in the post-publication period even if there had been no trial data. In this scenario, the trial data may have had little effect on the secular trend, may have been permissive, or may have positively reinforced the trend. It is also possible that the trend in the pre-publication period may be related to the occurrence of the trial, reducing the apparent impact of the published results. The relatively steep pre-publication trend in midazolam use is consistent with this later hypothesis, as a 5.9% per year rate of increase is not likely to have been sustained for more than 4 years prior to the study period. However, the nature of the trend prior to the study period is unknown, as is its association with other publications on midazolam's efficacy [7] . These observational data also confirm real world efficacy and safety findings identified in the well-controlled clinical trial, thereby supporting the use of midazolam by EMS personnel.
After adjusting for secular trends and other factors, the odds of receiving midazolam were 24% higher after the publication of RAMPART, which reflects the significantly increased rate of adoption of midazolam around that time. The increasing use of midazolam could be explained by growing acknowledgment of the benefits of midazolam for the treatment of prehospital status epilepticus. Midazolam is not only as effective as alternative intravenous medications [3] , but is also easier to administer [8] , has better pharmacodynamics than diazepam [9] , is cheaper [10] [11] [12] and has a longer shelf life than lorazepam [13] . Furthermore, midazolam is subject to far fewer shortages, with diazepam and lorazepam making up 2 of the 10 most susceptible drugs to national shortages [14] . While our results suggest that the diazepam shortage did not by-itself drive the increased rate of midazolam adoption, it may have contributed. Certainly, this trend could partially result from growing frustration with repeated shortages of alternative benzodiazepines. The effect of RAMPART on pre-hospital midazolam use
The increasing use of midazolam relative to alternative benzodiazepines is consistent with the effects of several alternative or additive events, as described above, including the effective but incomplete clinical translation of the RAMPART results. The problem of knowledge translation has been distilled into two distinct components: "getting the evidence straight" and "getting the evidence used" [2] . There has been a growing body of literature supporting the use of midazolam for the treatment of status epilepticus [3, 7, 8, 15] , and this study suggests that the increase in midazolam use could be related to this growing consensus on midazolam's safety and efficacy. The as-of-yet incomplete penetration of midazolam is not surprising in light of the tremendous amount of time it typically takes for new knowledge generated by randomized controlled trials to be broadly incorporated into practice [1] . Even where evidence has been integrated into clinical guidelines, dissemination and implementation of those guidelines in pre-hospital clinical practice is often slow and cannot be said to be automatic [16] . Furthermore, once evidence for a treatment is established, overcoming simple technological hurdles could significantly impact the rate of knowledge translation. The RAMPART trial used an IM auto-injector for the administration of midazolam, substantially decreasing time to drug administration. If this auto-injector were to become commercially available, it may increase ease of use and further encourage increased adoption of midazolam by EMS agencies.
There were small but statistically significant differences in rates of rescue therapy and airway interventions before and after RAMPART publication and between seizures treated with midazolam and other benzodiazepines. Given that the magnitude of these differences are small and their directions opposite, the increased use of midazolam was not associated with increased complications overall. Furthermore, the safety and efficacy of midazolam improved The effect of RAMPART on pre-hospital midazolam use over time relative to other benzodiazepines. These results likely reflect changing patterns of midazolam dose, route of administration, or both. If our data reflect the increased adoption of non-IV routes of midazolam administration compared to IV midazolam, our study could indicate that the non-IV route in general is both safer and more efficacious. However, in addition to RAMPART's demonstration of the efficacy of IM midazolam over intravenous medications, a number of studies have also demonstrated the efficacy of nasal and buccal midazolam, which may be leading many EMS agencies to prefer these routes to IM midazolam for the treatment of pre-hospital status epilepticus. [17] [18] [19] [20] Should this be the case, the increased safety and efficacy of midazolam throughout our study may indicate the superiority of nasal and/or buccal routes over IM (and IV) midazolam. Interestingly, if the increased efficacy of midazolam . This call to use alternative benzodiazepines corresponded to the likely depletion of the field inventory of diazepam, which has a typical shelf-life of 2-4 months [6, 7] . The resolutions of a prior and the above diazepam shortages, in June 2011 and October 2013, respectively, did not appear to be as impactful on the data (models not shown). This is not surprising as the 2011 shortage affected all Hospira formulations, while in 2013 at least one presentation of diazepam was made available (E. Fox, written communication, May 2016), dampening the impact of the resolution of that shortage. Furthermore, the rolling lorazepam shortage was not modeled, as it was likely buffered by the existence of multiple drug suppliers. The 7.1% decline in diazepam utilization at the start of the shortage was associated with a 6.3% rise in midazolam utilization and a 0.8% rise in lorazepam utilization. After taking into account the sudden shifts in benzodiazepine use that occurred at the time of the shortage, the annual rate of midazolam adoption increased significantly, from 2.9% per year in 2010-2011 to 7.9% per year in 2012-2014 (difference +5.0% per year; 95%CI, 3.0%-7.0% per year). There was no significant change in the annual rate of change in diazepam use after the shortage, which was decreasing at 3.4% per year in 2010-2011, and at 4.5% per year between 2012 and 2014 (difference -1.1% per year; 95%CI, -3.3% to 1.2% per year).
https://doi.org/10.1371/journal.pone.0173539.g005
The effect of RAMPART on pre-hospital midazolam use The effect of RAMPART on pre-hospital midazolam use over time reflects an increase in midazolam dose, then the decreasing intubation rate with midazolam might suggest that airway intervention is more likely to be a ramification of treatment failure rather than of over-sedation-a relationship that has been previously observed but that is still not well defined [21] . However, since the NEMSIS database does not have a reliable indicator for the dose or route of administration, we were unable to test any of these speculations or the possible impact of RAMPART on these patterns of use. No (n = 27) Reference Reference Reference a n (in agency-years) = 7,524, unless otherwise noted for categorical variables. b OR (95%CI) = odds ratio (95% confidence interval). The effect of RAMPART on pre-hospital midazolam use
Limitations
Several limitations of this study should be noted. The study utilized data that were collected by EMS personnel for purposes other than this study and therefore have limited ability to answer all study questions. Additional limitations of the NEMSIS dataset have been described elsewhere [4] . Notably, NEMSIS is not a population-based dataset, which limits the ability to draw conclusions about relative risks of treatment with midazolam versus other benzodiazepines in the general population. The effect of RAMPART on pre-hospital midazolam use
Due to the limitations of diagnostic codes in NEMSIS and the fact that few patients would have 911 call-to-EMS arrival durations of less than five minutes, we operationalized status epilepticus as any benzodiazepine-treated seizure. It is possible that some patients had cessation of seizures after 911 was called and were treated prematurely for any recurrent seizures, however the administrative database does not provide a level of clinical granularity to discern this. The effect of RAMPART on pre-hospital midazolam use
While the incidence of early treatment of seizures prior to the onset of status epilepticus is not known, our selection of roughly 8% of seizures that were treated with benzodiazepines is only modestly higher than other reports of a 5-7% incidence of status epilepticus among acute seizures in emergency department cohorts. This suggests premature benzodiazepine treatment was not a substantial occurrence in our cohort. [22] [23] [24] Furthermore, the increased utilization of rapidly administrable midazolam after RAMPART publication does not appear to have lead to increased early treatment of seizures that would previously have self-terminated while obtaining IV access (therefore negating the need for medication administration). The incidence of seizures that were treated with benzodiazepines in our cohort was identical before and after the publication of RAMPART (8.3% prior-; 8.2% post-RAMAPRT publication). However, while our selection of benzodiazepine-treated seizures was consistent across the duration of the study and not substantially greater than reported incidences of status epilepticus among acute seizures, the intubation rate in our study suggests the possibility of a significant sampling bias. We found that the overall intubation rate for all benzodiazepine-treated seizures was 2.0%, which is far less than other reports [15, 21, 25, 26] . This discrepancy likely indicates that our operational definition of status epilepticus as any benzodiazepine-treated seizure likely represents a far more encompassing, less severely ill, patient population than other studies on status epilepticus, including RAMPART. This selection bias would be magnified if there were significant differences in the benzodiazepine used for seizures of different acuity levels-a variable we were unable to assess.
While RAMPART only addressed cases of convulsive status epilepticus and we were unable to make any distinction between any types of seizures, we believe that the incidence of nonconvulsive status epilepticus in our pre-hospital cohort was likely minimal. Paramedic training and protocols in the United States emphasize the diagnosis of seizure by witnessing motor convulsions, making diagnosis and treatment of non-convulsive status epilepticus unusual in The effect of RAMPART on pre-hospital midazolam use the pre-hospital setting. Our focus on benzodiazepine-treated seizures was therefore likely self-limited to cases of convulsive status epilepticus. Lastly, the inclusion of progressively more patients in later years of the analysis-representing the inclusion of additional states and EMS agencies in the NEMSIS database-could have introduced selection bias. However, our post-hoc sensitivity analysis of the rate of midazolam The effect of RAMPART on pre-hospital midazolam use adoption that was limited to EMS agencies for which we have data for all five study years ( Fig  4) demonstrated that midazolam utilization increase significantly after RAMPART publication even when on-boarding of new EMS agencies was eliminated.
Conclusions
Our data are consistent with effective, ongoing, but incomplete clinical translation of the RAMPART results. The effects of the trial, however, could not be isolated. The safety and effectiveness of midazolam for benzodiazepine-treated seizures in the prehospital setting in clinical practice appear consistent with trial data. Along with midazolam's ease of administration, low cost, long shelf life, and low susceptibility to shortages, this should encourage continuing increases in midazolam utilization. Since the use of midazolam is highly dependent on the responding EMS agency, future research should focus on the decision-making process of EMS medical directors across the country. 
